Murine leukemia viruses encode a unique form of Gag polyprotein, gPr80 gag or glyco-gag. Translation of this protein is initiated from fulllength viral mRNA at an upstream initiation site in the same reading frame as Pr65 gag , the precursor for internal structural (Gag) proteins.
Whereas gPr80
gag is evolutionarily conserved among gammaretroviruses, its mechanism of action has been unclear, although it facilitates virus production at a late assembly or release step. Here, it is shown that gPr80
gag facilitates release of Moloney murine leukemia virus (M-MuLV) from cells along an IFN-sensitive pathway. In particular, gPr80 gag -facilitated release occurs through lipid rafts, because gPr80 gag -negative M-MuLV has a lower cholesterol content, is less sensitive to inhibition of release by the cholesterol-depleting agent MβCD, and there is less Pr65 gag associated with detergent-resistant membranes in mutant-infected cells. gPr80 gag can also facilitate the release of HIV-1-based vector particles from human 293T cells.
Moloney | HIV-1 | BST-2/tetherin | retrovirus M urine leukemia viruses (MuLVs) are prototypical simple retroviruses and they carry three genes, gag, pol, and env, that encode the viral core proteins, enzymes, and envelope proteins, respectively. One unique feature of MuLVs and many other gammaretroviruses is that they encode an additional form of Gag polyprotein, gPr80 gag , and a corresponding Gag-Pol polyprotein. gPr80 gag is translated from unspliced viral mRNA via an upstream CUG initiation codon in the same reading frame as the Pr65 gag precursor for viral core proteins (1) (2) (3) . gPr80
gag contains 88 additional amino-terminal amino acids, including a signal peptide that leads to transport of the protein into the rough endoplasmic reticulum, where it is glycosylated and exported to the cell surface (4) and cleaved into two proteins of ≈55 and 40 kDa (1, 5) ; the aminoterminal protein is reinserted through the plasma membrane, with the N-terminal unique sequences exposed to the cytoplasm (4) . gPr80 gag 's is conserved among gammaretroviruses, but its mechanism of action has been elusive. MuLVs mutant in gPr80 gag are replication-competent with minor reductions in infectivity in vitro (6) . However, when infected into mice, there is strong in vivo selection for recovery of gPr80 gag expression (7-9). gPr80 gag also is a major pathogenic determinant for a neurotropathic MuLV recombinant, FrCasE (10) (11) (12) . We recently showed that gPr80 gag plays a role in a late step in viral assembly or release. gPr80 gag -negative MuLVs budding from cells show aberrant tube-like structures (9, 13) . Expression of gPr80 gag increases virus particle release without affecting the rate of gag protein synthesis, and the tube-like structures are replaced by typical spherical particles (9) .
In this article, we describe a molecular function for gPr80 gag . gPr80
gag facilitates Moloney MuLV (M-MuLV)-efficient release through cholesterol-rich lipid rafts.
Results gPr80
gag Renders M-MuLV Release Sensitive to IFN. Recently a cellular factor BST-2/tetherin has been found to inhibit release of HIV-1 particles from cells, and this molecule is inducible by IFN (14) . MuLV infection also is blocked by IFN at a very late stage in infection, with accumulation of virus particles at the cell surface (15, 16 (6, 17) . We compared the effects of IFN on virus release into the media from 17-5 cells vs. wild-type MMuLV-infected NIH 3T3 cells (43D) after 24 h of IFN-α treatment ( Fig. 1 A and B (Fig. S2) . Atomic force microscopy confirmed the accumulation of spherical virus particles on the surface of IFN-treated 43D cells, whereas there were less effects on the 17-5 cells (Fig. S3) .
We previously showed that release of viral vector particles from the amphotropic MuLV-based packaging line PA317 (gPr80 gag -negative) is also greatly enhanced by expression of gPr80 gag (9) . We compared IFN-treated PA317 cells stably expressing an M-MuLV-based β-gal vector and a gPr80 gag expression plasmid (PA317/BAG/p8065), with the same cells expressing the vector only (PA317/BAG/ΔMCS) (9) . The gPr80 gag -expressing PA317 cells released vector particles substantially more efficiently (8-fold more) than the control packaging cells in the absence of IFN ( Fig. 1 C and D) . The release of vector particles from PA317/BAG/p8065 was strongly inhibited by IFN, whereas release from the control packaging cells was resistant ( Fig. 1 C and D) . The results of Figs. 1, S1, and S2 suggested that M-MuLV can be released from infected cells by two pathways-one IFN-sensitive and one IFN-resistant-and that gPr80
gag may direct assembly/release toward the IFNsensitive pathway. gag Facilitates Viral Release Through Lipid Rafts. We next tested whether gPr80
gag might facilitate M-MuLV release through cholesterol-rich plasma membrane subdomains, also called lipid rafts. HIV buds through lipid rafts (18, 19) , and this process has also been reported for MuLV (20, 21) . BST-2 localizes in lipid rafts (22) , so IFN induction of BST-2 would be expected to efficiently inhibit release of virions budding through lipid rafts, whereas it would be expected to have less effect on virus released independent of lipid rafts. We compared the cholesterol content of purified wild-type and gPr80 gag -negative viruses. Viruses from 43D and 17-5 cells and from NIH 3T3 cells freshly infected with wild-type and Ab-X-M-MuLV were purified by buoyant density gradient centrifugation and analyzed for cholesterol content. To control for released vesicles in the preparations, the equivalent gradient fractions from supernatants of uninfected NIH3T3cells were analyzed for cholesterol content and the values were subtracted from those for the viruses. The cholesterol content of virus released from 17-5 or 3T3/Ab-X-M-MuLV cells was significantly less (2.3-to 2.5-fold less) compared to virus from 43D or 3T3/WT-M-MuLV cells (Table 1) , consistent with gPr80 gag directing budding through lipid rafts.
If gPr80 gag directs viral budding through lipid rafts then the Pr65 gag precursor for the viral core proteins might show higher association with lipid rafts in wild-type vs. gPr80 gag -negative MMuLV-infected cells. Lipid rafts (also known as detergent resistant membranes or DRMs) are resistant to nonionic detergents, so membrane flotation assays on cytoplasmic extracts prepared in 1% Triton X-100 were performed ( Fig. 2A) . As predicted, ≈15% of Pr65 gag was associated with DRMs from 43D cells, whereas ≈5% (3-fold less) was in DRMs from 17-5 cells. Interestingly the majority of gPr80 gag itself was not in the DRMs ( Fig. 2A ). We also employed confocal microscopy to study the membrane localization of Gag protein in 43D and 17-5 cells. Cells grown on coverslips were incubated at 4°C with either saline or 0.5% Triton X-100, which would dissolve the membranes except for DRMs. The cells were then fixed with paraformaldehyde, followed by immunofluorescent staining. As expected, staining for the non-DRM-associated plasma membrane protein CD71 was found at the plasma membrane/outline of the cells (as well as internally) in cells incubated with PBS; this staining was dispersed by treatment with detergent (23) (Fig. S4) . In contrast, staining for the DRM/ lipid raft protein Caveolin showed plasma membrane (and internal) localization that was resistant to detergent treatment (Fig.  S4) . Staining for M-MuLV Gag protein with anti-CA p30 antibody showed diffuse and punctate cytoplasmic staining as well as staining at the plasma membrane for both 43D and 17-5 cells in the absence of detergent (Fig. 2B a and c) . Whereas staining at the plasma membrane was still detectable after detergent treatment for 43D cells (Fig. 2Bb) , detergent-treated 17-5 cells showed no localization at the plasma membrane. The absence of Gag at the plasma membrane in 17-5 cells was consistent with is not associated with DRMs ( Fig. 2A) , detergent treatment would be expected to remove it from the plasma membrane. The ratios of the cholesterol contents in virus released from WT-and Ab-X-M-MuLV-infected cells are shown. Detailed data and calculations are described in Table S1 and Materials and Methods. The differences in cholesterol contents between 43D and 17-5 (P < 0.005) and between 3T3/WT-MMuLV and 3T3/Ab-X-M-MuLV (P < 0.05) viruses were significant by Welch's twotailed t test.
Depletion of Cholesterol Impairs Wild-Type M-MuLV Release. To assess whether association of Gag with lipid rafts is important for virus release, we used methyl-beta-cyclodextrin (MβCD) to extract cholesterol from plasma membranes of infected cells (24) (Fig. 3 A  and B) . Increasing concentrations of MβCD reduced virus release from 43D cells, with ≈50% reduction at the maximal concentration-similar to effects of MβCD on HIV-1 release (18) . In contrast, release of virus from 17-5 cells was not affected by MβCD.
In our original characterization of gPr80 gag -negative M-MuLV, we noticed that it had a slightly higher buoyant density than wildtype virus (6) . We tested whether the density difference reflected differential cholesterol contents and/or budding through lipid rafts. In Fig. 3C , virus from 43D cells had a density of 1.161 g/cc, whereas gPr80 gag -gag negative virus from 17-5 cells showed a higher density of 1.170 g/cc. Similarly, gPr80 gag -negative virus from freshly infected NIH 3T3 cells and 293T cells transiently transfected with M-MuLV packaging plasmid expressing Gag-Pol proteins had a higher density than wild-type M-MuLV and MMuLV Gag-Pol coexpression with gPr80 gag (Fig. S5) . Moreover, virus released from MβCD-treated 43D cells had a buoyant density of 1.175 g/cc, similar to the density of gPr80 (Fig. 4 A Upper and B) , as well as the efficiency of virus release after correction for amount of Gag-pol synthesized (Fig.  4C) . gPr80 gag enhanced release of HIV-1 particles by 6-to 10-fold, a similar magnitude of enhancement compared to MuLV (9) (Fig.  S6 ). The enhancement of particle release did not depend on the presence of HIV-1 and M-MuLV Env proteins.
Discussion
In these experiments, we describe a mechanism for the function for the gPr80 gag protein of M-MuLV: direction of virus release through lipid rafts. This was first identified by the differential sensitivity of cells infected with wild-type (43D) and gPr80 gagnegative M-MuLV (17-5) to treatment with IFN, which indicated that gPr80 gag directs virus release through an IFN-sensitive pathway. This pathway involves release through lipid rafts because wild-type virus showed a higher cholesterol content, DRMs from wild-type-infected cells showed higher amounts of the Pr65 gag polyprotein precursor, and depletion of cholesterol from lipid rafts by MβCD reduced release of wild-type but not gPr80 gag -negative M-MuLV. The fact that 17-5 cells release virus less efficiently than 43D cells indicates that virus release through lipid rafts is more efficient than through other membrane structures/regions. Perhaps concentration of Pr65 gag facilitates multimerization and viral assembly. Virus budding from gPr80 gag -negative cells tends to be in the form of elongated "tubes" as opposed to spherical virions (9, 13) . Thus, the tubes may represent budding through nonlipid rafts. In fact, some of the viruses released from 17-5 cells might also bud through lipid rafts (i.e., the low level of Pr65 gag in DRMs in these cells), although the relative frequency is much lower than for 43D cells. Indeed, spherical particles were observed on the surface of 17-5 cells in addition to tubes (Fig. S3) .
The mechanism by which gPr80 gag directs virus budding to lipid rafts remains to be determined. The process results in association of Pr65 gag with DRMs, but it does not require viral 
Env protein. The majority of gPr80
gag is not localized to lipid rafts; thus, it might be interacting with a cellular protein that conducts Pr65 gag , which is largely membrane-associated through N-terminal myristilation, to the lipid rafts.
In vivo, gPr80 gag could be particularly important for virus release from cells that have prominent and well-developed lipid rafts. T lymphocytes form highly organized immunological synapses upon contact with antigen-presenting cells or other immune cells, and lipid rafts are important in formation of these synapses (25, 26) . Moreover, HIV-1 can spread from infected T lymphocytes to other cells by direct contact through virological synapses that result from viral adaptation of the immunological synapses (27) . MuLVs generally infect hematopoietic cells in vivo, and M-MuLV predominantly infects T lymphocytes. Thus, gPr80
gag could be directing M-MuLV release through immunological/virological synpses in those cells. Release through these synapses could explain why gPr80 gag -negative M-MuLV shows a stronger defect in mice than in fibroblasts in vitro.
As shown in Fig. 4 , gPr80 gag can also facilitate release of a heterologous retrovirus particle containing gag-pol of HIV-1. In 293T cells, the enhancement of HIV-1 particle production included both enhanced release as well as enhanced production of Gag polyprotein. The mechanisms are under investigation, and our current hypothesis is that gPr80 gag is at least facilitating release of HIV-1 particles through lipid rafts. We have also observed that gPr80 gag enhances release of jaagsiekte sheep retrovirus (JSRV, a betaretrovirus) by ≈2-fold (G. Luo, T. Nitta, and H. Fan, unpublished data). Enhancement of HIV-1 particle release by MuLV glyco-gag may be of interest to those interested in generating high titer lentiviral vectors.
Very recently another investigator has also observed an effect of gPr80 gag on retrovirus release consistent with this report (M. Pizzato, personal communication). Nef-deleted HIV-1 shows a release defect in human T-lymphoid cell lines, and this defect could be complemented by MuLV gPr80
gag . This effect was predominantly observed in T lymphocytes and not in other cell types. Others have reported that Nef-negative HIV-1 has a lower cholesterol content (28), consistent with a role for Nef in directing virus release through lipid rafts, and with gPr80 gag being able to carry out the same process. 
Materials and Methods
Reagents and DNA Constructs. The plasmid p8065-2 expressing MuLV gPr80 Antibodies and Chemicals. Rabbit polyclonal anti-MuLV CA p30 antisera were described in ref. 29 . Mouse monoclonal anti-HIV-1 CA p24 antibodies (YDHIVgp24) were purchased from MyBioSource. Rabbit polyclonal antibodies against Caveolin-1 (BD Biosciences) and CD71 (Santa Cruz Biotechnology) and mouse anti-CD71 (H68.4: Zymed Laboratories) antibodies were used. For Western blots, we used anti-mouse IgG conjugated with horseradish peroxidase (Thermo Scientific) and anti-rabbit IgG conjugated with horseradish peroxidase (GE Healthcare). For indirect fluorescence microscopy, anti-mouse and anti-rabbit IgG conjugated with Alexa 488 (Invitrogen) were used. Mouse IFN-α (IFN) and methyl-beta-cyclodextrin (MβCD) were purchased from Calbiochem and Sigma, respectively. IFN Treatment and Virus Release. The virus-infected or vector-producing cells were seeded on 6-cm dishes the day before and then treated with the different doses of IFN for 24 h, and then media were replaced. The cells and media were harvested after 6-8 h further incubation. The media were clarified by low-speed centrifugation, passed through a 0.45-μm filter and viral particles were pelleted in a Beckman SW41 rotor at 77,000 × g for 1 h. ) in cells and media was calculated. Different exposures of the blots were analyzed to ensure that densitometry was in the linear range.
Virus Purification and Cholesterol Determination. Viral particles were harvested from cell supernatants by pelleting as described above, followed by suspension in 400 μL of NTE buffer containing 10 mM Tris·HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA, and layered on a 20-55% (wt/vol) linear sucrose gradient made in NTE buffer. After centrifugation in an SW41 rotor at 150,000 × g for 18 h, the gradients were fractionated and fractions were analyzed by Western blots with anti-MuLV CA p30 . To quantify cholesterol, sucrose gradient fractions with banded virus or the equivalent fractions from uninfected NIH 3T3 cells were pooled, diluted with NTE buffer, virus was pelleted by ultercentrifugation, and the pellets were suspended in NTE buffer. The virus-producing cells were lysed in 0.1 M potassium phosphate (pH 7.4), 0.25 M NaCl, 25 mM cholic acid, 0.5% Triton X-100. The amount of cholesterol in viruses and cell lysates were determined by the Amplex Red Cholesterol Assay Kit (Invitrogen). For normalization the amounts of viruses were quantified by Western blots using anti-MuLV CA p30 and total cellular proteins by the Dc Protein Assay Kit (Bio-Rad).
Treatment of Cells with MβCD. 43D and 17-5 cells were seeded on 6-cm dishes the day before MβCD treatment. The cells were washed in PBS twice and incubated for 1h in serum-free DMEM, incubated for 30 min at 37°C in serum-free DMEM containing different concentrations of MβCD, washed three times with PBS followed by replacement with growth medium. The cells and media were gathered after 6 h and subjected to Western blots. For sucrose density gradient analysis, the cells were incubated with 5 mM MβCD in serum-free DMEM for 12 h. Virus from the supernatants was harvested and analyzed in sucrose density gradient as described above.
Confocal Microscopy. Confocal microscopy was described in ref. 13 and in SI Text.
Flotation of DRM Domains. Flotation of DRM was performed as described in ref. 30 with slight modifications. 43D and 17-5 cells were treated on the dish with lysis buffer (0.8 mL/10 cm dish) containing 25 mM Tris·HCl (pH 8.0), 140 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , and protease inhibitor mixture (Roche) for 20 min at 4°C. The lysates were harvested and then centrifuged at 10,000 × g for 5 min at 4°C. The postnuclear lysate was adjusted to 40% (wt/vol) sucrose, and then a 5-30% discontinuous sucrose gradient was layered on the top. Samples were centrifuged at 100,000 × g for 18-24 h at 4°C. The fractions were collected from the top of the gradient tube. The Western blot analysis was performed to identify the fractions containing lipid raft and nonlipid raft domains. 
